Abstract-An approach for extracting the radial force load on an implanted stent from medical images is proposed. To exemplify the approach, a system is presented which computes a radial force estimation from computer tomography images acquired from patients who underwent transcatheter aortic valve implantation (TAVI). The deformed shape of the implanted valve prosthesis' Nitinol frame is extracted from the images. A set of displacement vectors is computed that parameterizes the observed deformation. An iterative relaxation algorithm is employed to adapt the information extracted from the images to a finite-element model of the stent, and the radial components of the interaction forces between the stent and the tissue are extracted. For the evaluation of the method, tests were run using the clinical data from 21 patients. Stent modeling and extraction of the radial forces were successful in 18 cases. Synthetic test cases were generated, in addition, for assessing the sensitivity to the measurement errors. In a sensitivity analysis, the geometric error of the stent reconstruction was below 0.3 mm, which is below the image resolution. The distribution of the radial forces was qualitatively and quantitatively reasonable. An uncertainty remains in the quantitative evaluation of the radial forces due to the uncertainty in defining a radial direction on the deformed stent. With our approach, the mechanical situation of TAVI stents after the implantation can be studied in vivo, which may help to understand the mechanisms that lead to the complications and improve stent design.
I. INTRODUCTION

S
TENTS are used in various fields of medicine as a means to dilate and stabilize vessels or other body cavities. Most stents show a tube-like geometry (or a geometry that is composed of several tubes) and have a mesh structure that allows radial compression (crimping) and expansion. Stents are manufactured from metal or polymers, can be self-expanding or are expanded by the means of an inflatable balloon introduced into the stent before crimping, and, depending on the application, vary in diameter as well as length. Across all sizes, shapes, materials, and ways of the deployment, all stents rely on a mechanical equilibrium between the forces trying to embolize (dislocate) them and a radial force that provides the fixation of the stent inside the vessel. While in many cases this radial force and the dilatative effect it has on the surrounding tissue is an intended therapeutic necessity that aims at treating a diseaseinduced stenosis, it also gives rise to complications and adverse effects. An excessive radial force leads to the irritations of endothelial cells, which can evoke the thrombogenic processes and thereby cause restenosis [1] , impede the conductivity of cardiac cells [2] , or in extreme cases may lead to vascular rupture [3] .
Transcatheter aortic valve implantation (TAVI) is a technique for the treatment of aortic stenosis in high-risk patients with severe aortic stenosis. The TAVI procedure uses a stented valve replacement that is implanted inside the natural, dysfunctional aortic valve under beating-heart conditions [4] . The procedure is well established and clinical trials have proven its effectiveness and safety [5] . Nevertheless, TAVI is still associated with a number of adverse effects, of which paravalvular leaks (diastolic blood flow from the aorta to the left ventricle through gaps between the prosthesis and the surrounding tissue) [6] and conduction abnormalities, which require treatment with a permanent pacemaker [7] , are the most common.
A. Study Aim
We propose means to analyze the biomechanical status of an implanted stent (or other deformable implant) in vivo by combining methods from medical-image analysis, image-based modeling, and biomechanics. The method makes use of the stent's superelastic properties, which define a relation between the mechanical load imposed by the surrounding tissue and the state of deformation of the implanted stent, and is based on medical images, which could be, depending on the application, generated during or after an implantation. The deformed shape of the implanted stent is extracted from the images, and the mechanical forces acting on the interface between the device and the surrounding tissues are estimated as a means to quantitatively assess the quality of a treatment and to predict mid-and long-term effects such as stent healing, restenosis, or aneurism regression. Moreover, the method can be applied in order to create in vivo ground truth for the evaluation of predictive simulation systems and to provide stent developers with in vivo data about the conditions under which the stents are employed.
Here, we present an exemplary implementation of the concept applied to the stent of the Medtronic CoreValve revalving System, which is one of the two most frequently used TAVI prostheses. Like any stent, TAVI stents are fixated against the hydrodynamic and hydrostatic forces acting on it in their longitudinal direction through the radial forces at the interface between the stent and host tissues [8] - [10] . The valve which is carried by the stent is intended to seal the left ventricle against blood flowing back from the aorta during diastole. A sufficient radial force along the complete perimeter of the aortic annulus is required to ensure this seal and to prevent paravalvular leaks. Excessive radial force may lead to rupture of the annulus or the ascending aorta and is suspected to cause conduction abnormalities (atrioventricular node blocks and left bundle branch blocks) through the stress imposed onto the conductive fibers.
B. Related Work
Biomechanical modeling and analysis of stenting procedures have been identified as key components in attempts to optimize the stents and stent deployment strategies. In order to better understand and be able to predict the behavior of stents inside the human body, various models of the stents as a mechanical device and of the vascular and surrounding tissues as biomechanical components have been presented [11] - [14] .
Mummert et al. [10] investigated the deployment of braided Nitinol stents in explanted porcine and ovine hearts. Crimping diameters versus radial force, pullout, aortic annulus deformation, and friction between the stent and the aortic tissue were looked at. They found a radial dilatation of 2.5 mm necessary to anchor the stent against embolization. The differences in stent shape and structure (they used braided stents whereas the CoreValve like most vascular stents is manufactured from one Nitinol tube by laser cutting and shape setting) and implantation environment (dead, yet nonpathologic animal valves versus living, yet heavily calcified human valves) make their findings not directly applicable to clinical scenarios.
Unlike the direct measurement of the stent-interaction forces described in [10] , our approach employs an indirect measurement. For that purpose, a numerical model of the stent's superelastic behavior is required. Most finite-element stent models that deal with TAVI focus on simulating balloon expandable stainless steel stents, which exhibit elasto-plastic material behavior (e.g., [9] , [11] , [15] ). Mechanical models of the CoreValve stent, which this paper focuses on, have been presented previously, e.g., by Tzamtzis et al. [16] . They used a tetrahedral meshing procedure in order to obtain a finite-element model for the stent. Such solid element models must be treated with special care, when it comes to slender structures that are subjected to large rotation bending. Depending on the selection of the exact element type with its assigned integration scheme and on the grade of the meshing itself, undesired numerical side effects such as shear locking or hourglassing, may occur. Necessary countermeasures often include mesh refinement until convergence is reached. This, however, increases model complexity, raising computational cost, and jeopardizing numerical stability. Detailed investigations concerning element type selection for the simulation of stent expansion processes were performed by Hall et al. [17] , who recommended beam elements for reasons of stability and efficiency as used by [15] . This modeling approach has not yet been applied to CoreValve stents, which are one order of magnitude larger and not cylindrical.
Most literature in the context of biomechanics, FEM, and TAVI, is aiming at the development of predictive models, i.e., models for preinterventional in-silico prediction of intervention outcome. Our approach, however, uses FEM for retrospective analysis of the observed postinterventional situation of the aortic root. A similar concept has been proposed by Ganguly et al. in [18] . They applied rotational angiography to patients with stents in the femoral artery to acquire 3-D image data of the implanted stents and to extract the centerlines of the stents from these images. They studied the accuracy of this method for analyzing stent deformation and were able to show a very good agreement of the extracted data with the physically measured values in in vitro experiments. Their work does not include the integration of the measured displacement with a mechanical simulation. They studied vascular stents with a cylindrical shape and a very fine-grid structure. Therefore, their analysis is limited to a polynomial representation of the stents' centerlines rather than the wires of the stents. For large and complex shaped stents, such as the CoreValve, this approach would not yield sufficient information to describe the deformation required to compute the radial forces.
II. METHOD
The shape of the CoreValve stent is shown in Figs. 1 and 2 . It consists of a nickeltitanium alloy known as Nitinol. As reported in [19] , the 165 intersection points of the stent's mesh structure can be categorized into 11 layers consisting of 15 points, so that the points in each layer describe a circle around the stent's longest axis. These points are connected by 30 strings running from the proximal to the distal end. At the distal end of the stent, two hooks are attached, which are required to pull the stent into the delivery system through a funnel-shaped device (see Fig. 2 ). Together with the peaks of these hooks, a labeled set of 167 landmarks can be defined.
A. Method Overview
An overview of the proposed method is given in Fig. 1 . It consists of four principal steps. In image preprocessing step, image analysis algorithms are employed to detect the region of interest that contains the stent in a CT image and to suppress high-intensity voxels which do not belong to the stent. The subsequent stent reconstruction step extracts the grid On these circles, the landmarks have a distance of 24
• , neighboring layers are shifted by 12
• . The regularity of the structure allows for estimating the positions of the intersection points in the Layers (j − 1) and (j + 1) from the known intersection points in Layer j.
points of the stent and a model of the deformed stent is created using Bezier interpolation. The displacements of the grid points are employed as kinematic boundary conditions to a mechanical model of the stent. A relaxation step is included, which allows the grid points to migrate within a small region toward a minimum of the deformation energy in the stent, to compensate for landmark localization errors. This relaxation step is alternated with a radial straining step in order to bias the relaxation to the normal and the axial direction. After finding a force equilibrium, the reaction forces between the stent and the surrounding tissues are read out along the radial direction at each grid point. The work steps and the algorithms used in the proposed method are explained in Section II-B -E.
B. Image Preprocessing
The image processing algorithms were implemented in Java 1.6 using the open-source IDE Eclipse. For the visualization of the images and extracted models, the open-source software framework OpenMAF 2.0 was used.
1) Imaging: ECG-gated Chest CTs were collected from patients who had undergone CoreValve implantation and given their consent for accessing their data. The images were reconstructed at a spatial resolution of 0.7 mm or finer and at 10 time-steps over the cardiac cycle, but not in all the cases were all reconstructions still available on the PACS when the images were retrieved for this study. Of all the available reconstructions with sufficient resolution, we chose the best systolic one. The datasets contained a field of view ranging from the abdomen to the level of the shoulders in caudo-cranial direction, covering the full depth and width of the chest and were acquired between 2 and 841 days (median: 328) days after the implantation.
2) Suppression of High-Intensity Objects: The CoreValve stent is, in most cases, not the only metallic object seen in the images-extracorporeal ECG wires, pacemakers, and other kinds of implants have a similar X-ray density. In a preprocessing step, all the high-intensity objects which do certainly not belong to the stent are detected and suppressed. The selection of these objects is based on cluster-size analysis. The stents' wires are about 0.3 mm thick. At the intersection points, two contacting wires reach a thickness of about 0.7 mm. When applying a high threshold of 2000 HU (Hounsfield Units) to the image, the stent will break into many small voxel clusters due to partial-volume effects. After thresholding, the connected clusters of the highintensity voxels are created and the number of voxels in each cluster is counted. The maximum number of voxels in a cluster depends on the image resolution, but will never exceed 300 (based on a theoretical resolution of 0.25x0.25x0.25 mm 3 and the volume of the largest cluster at the distal hooks of the stent which is ≈ 5 mm 3 ). A safety margin of 100 voxels is added to this value. All clusters larger than 400 voxels are erased.
3) Stent Segmentation: After the suppression of all irrelevant metal objects, presegmentation is performed in order to extract a volume of interest (VOI) that contains the stent. A high threshold (1700 HU) is applied to generate the seed voxels for detecting of the remaining objects with high intensity in the image. In Fig. 3(a) , all voxels in the region of the stent which remain after applying this threshold are marked red. These voxels are used as seed points for a region growing step that connects all the neighboring voxels with an intensity of 650 HU or larger. The result of this second step on the stent region can be seen in Fig. 3(b) .
4) Calcium Suppression:
The segmentation method described to this point is based on a combination of thresholding and region growing. Both methods are prone to oversegmentation errors, which in this case would lead to an inclusion of the nearby calcifications into the stent segmentation-the image intensity of calcium can reach values of 1600 HU and more. The final step of the image preprocessing is the suppression of those voxels represent the calcium clusters at the stent's perimeter. The method applied for the calcium suppression is summarized in Fig. 4 . The VOI containing the stent is sliced in 4 mm steps along an approximation of the stent's centerline computed as the longest axis of the VOI. Each slice is divided into 15 sectors of 24
• around the central axis. In each sector, the local intensity maxima are found and the maximum closest to the center is selected. Based on the maxima in all sectors, the stent boundaries are approximated according to the known thickness of the strings. The voxels outside of these boundaries are labeled as calcium and not considered for the stent reconstruction.
C. Stent Reconstruction
The objective of the image preprocessing performed to this point was the identification of the voxels which very likely belong to the stent. In the following, these candidates are identified among those voxels which are the most likely to represent the intersection points of the stent in its deformed configuration. This step is relying on the fact that, due to the partial-volume effects, the intensity of the voxels at the intersection of two strings is higher than anywhere else in the stent. The minimal distance between two intersection points is in any case larger than 2 mm. A nonmaximum suppression with a kernel size of 2 mm is applied to identify the local maxima within the stent volume. These maxima are considered as candidates for the identification of landmarks that mark the intersection points. Noise, incompletely suppressed calcium, and other effects can yield false positives in the list of landmark candidates. Moreover, the variances in the image quality can result in undersegmentation, i.e., to incomplete sets of landmark candidates. Both the errors need to be corrected in order to create a complete and correct set of 167 landmarks. At this point, prior knowledge about the topology and the geometry of the stent is taken into consideration as a lead in the identification of false candidates, and for the generation of search spaces to find the missing landmarks.
A reference model of the stent in its undeformed (unloaded) state was created based on microCT images of CoreValves that were acquired under no mechanical load (other than gravity).
Principal component analysis is applied to find the center of gravity (mean) and the longest axis of the landmark candidates. The reference model is registered according to this axis and the mean. The remaining degree of freedom, rotation around the long axis, is determined according to the clamp points at the distal end of the stent.
For an identification of the correct landmark candidates and in order to assign the landmarks to the correct layer, a sliding plane is applied, which scans the candidate cloud along the longest axis of the stent. The plane through the second highest layer of the undeformed stent model (Layer 10) is computed. All the landmark candidates which are within a vertical distance less than 3.8 mm (closer to this plane than the two neighboring planes) are considered the candidates for this layer. The candidates are sorted according to their angle around the central axis of the stent. In the unloaded state, the angular distance between two neighboring intersection points is 24
• . The selection algorithm picks those 15 landmark candidates which best fulfill this criterion and assigns them to Layer 10. Starting from Layer 10, an iterative search is performed to identify the correct landmarks in all layers based on the knowledge of the distance between all layers in the unloaded state and the alternating rotation of approximately 12
• between the intersection points in neighboring layers (see Fig. 2 ). Thus, the likelihood of a candidate to represent an intersection point of the stent can be rated. In each layer, those 15 landmarks with the highest level of confidence are selected.
Once all the landmarks are localized, identified, and labeled, the Bezier control polygons are constructed that define the 30 centerlines of each of the stent's strings from the proximal to the distal end according to the constraints defined in [19] .
D. Relaxation
The image processing pipeline generates an estimate for the position of each intersection point of the stent. The relation between neighboring intersection points is used to separate the true and the false landmark candidates. Nevertheless, up to this point in the algorithm, the position of each landmark is estimated independently of its neighbors. Image resolution, noise, and artifacts will inevitably create an uncertainty in these positions, which we quantify in Section III-C. Thus, the observed posi- is superimposed on the actual displacement vectord i of that intersection point which locally describes the deformation of the stent from its unloaded state to the deformed state, so that the measured displacement is d i,0 =d i + e i,0 . A mechanical model of the stent implemented in Abaqus 6.10-EF1 (Dassault Systemes, Vélizy-Villacoublay, France) is applied as a means to reduce the landmark positioning error e i,0 in order to get a more accurate estimate of the node displacement d i .
1) Beam Model:
A finite-element model of the stent is set up using structural beam elements. MATLAB R2013a (The MathWorks, Natick, MA, USA) is used to generate the Abaqus input file. First the control polygon of each string of the stent in the stress-free reference configuration is sampled equidistantly. The neighboring nodes within a string are used to define the local end points of a two point beam element. Additionally, the beam elements require the definition of a cross-sectional geometry and its orientation. For the CoreValve stent this cross-sectional geometry is not constant over each string. This variation is implemented and controlled by using linear functions of the arc length over every spline segment. The element type chosen for this application is the Timoshenko-based B31 element [17] . This selection is not motivated by a strong need of the transverse shear compliance but by the fact that these particular elements are well suited to simulate situations involving large deflections in 3-D space. Assigning beam elements in this way, leads to a continuous beam structure for each of the 30 strings. The points at the intersections of neighboring strings are locally approximated as rigid bodies. For this purpose, both nodes of each intersection are coupled kinematically in the corresponding manner. This is implemented using the beam-type constraint of Abaqus. Coupling of the strings completes the structural model of the stent. Convergence analysis was employed to define the optimal resolution of the model [20] . The final mesh consists of 252 linear beam elements per string, resulting in 7560 elements for the whole stent.
A constitutive model of the stent material is added to the model. Nitinol exhibits superelastic properties, which are required for the crimping and deployment of the stenting procedure. At this stage, we are interested in the final equilibrium between the tissue and stent. In the configurations that we found in the actual patient data, the strain rates in the stent remain within the linear low-strain regime of Nitinol. By taking the stent model from a stress-free reference state directly to the end configuration, we omitted the high-strain states present in the crimped stent. This allowed us to describe the stent material with a linear-elastic material model, characterized by the two parameters Young's modulus E and Poisson number ν. The latter is commonly set to 0.33. Young's modulus E of Nitinol is reported between 40 and 75 GPa in the literature [16] , [21] . For our beam model of the CoreValve stent, a value of 60 GPa delivered the best experimental results (see Section III-A).
2) Soft Kinematic Constraints: Due to the uncertainty of the landmark extraction, the deformed coordinates cannot directly be applied as the kinematic boundary conditions. This would lead to a strong noise amplification in the axial and the tangential directions of the reaction forces and render the desired radial components highly unreliable. To allow the stent's internal mechanics smoothing out landmark localization errors, 1-D force elements with nonlinear force laws are used to communicate between the measured displacements and the grid points of the stent model as shown in Fig. 5 .
For each intersection point q i of the undeformed stent model, a virtual pivot pointq i is created at a distance of 0.1 mm along the local normal of the stent surface. A force element (spring) f i is defined betweenq i and q i with the force law
To softly constrain the model with the measured displacements d i,0 , the pivotal pointq i is pulled to a location The implicit solver of Abaqus is used to find a minimum of the strain energy in the stent and the virtual spring elements. The force law is selected in such a way that the physical intersection points have the freedom to move inside a 0.2 mm sphere around the displaced pivotal pointsp i,0 to positions p i, 1 . This allows the stent to find a global minimum of its potential energy, thus smoothing out the high-force spikes in undesired directions.
3) Incremental Stent Relaxation: An incremental routine using alternating straining and relaxation steps is employed to move the landmark coordinates P = {p i , i ∈ [1, 165]} from the initial positions P 0 to more accurate positions P n . Starting with the initial landmark coordinates P 0 , the first relaxation step is computed as described previously to yield the landmark coordinates P 1 , and the spring forces f i,1 are reported. P 1 is fed back into the relaxation algorithm as the new initial landmark coordinates, yielding the landmark coordinates P 2 and the spring forces f i,2 . The relaxation of step k = 2 is computed as
The iteration is continued until ρ k < 0.01 · ρ 2 and P n = P k is reported as the final intersection point set. The rationale for this stop condition lies in the aspect ratio between the forces produced by the stent in response to the radial, axial, and tangential displacement of the nodes. When we pull the pivot points inward on a 2-D plane through the measured coordinate and then allow the intersection points to migrate inside a sphere around the pivot point, the axial and tangential components of the internal forces in the stent will dominate the direction of the point migration, as the axial and tangential stiffness of the stent exceeds its radial stiffness by several orders of magnitude (see Section IV-B). After a couple of iterations (in practice 3 to 5), all nodes moved to a local minimum of the overall stent energy, with respect to the axial and tangential deformation, and the annealing of force (energy) between two steps starts to decline. From that point on, the stent will primarily use the radial degree of freedom to relieve itself of the radial displacement.
E. Mechanical Analysis
At each intersection point p i,n , a local coordinate system is defined through a radial, tangential, and axial vector. In Fig. 1 , these directions are indicated by the red (axial), green (radial), and blue (normal) arrows at each node. The reaction forces f i,n in the springs are transformed to these coordinate systems and only the radial component is used for the analysis of the radial force between the stent and the tissue. The average radial force F j per layer is computed as
III. EXPERIMENTAL SETUP
The performance of each system component as well as of the overall system was investigated in a series of experiments. In the following sections, the different experiments are described.
The results of each experiment and discussion of these findings is given in Section IV.
A. Mechanical Model Verification
Most experimental protocols for stent testing, involve a twoplate crush procedure as defined by ISO 25539-2:2008 [16] . Performing and simulating the crush tests is challenging by default, since nonlinearities arise from solving the mechanical contact. The CoreValve's curved geometry leads to additional difficulties. To avoid these issues, we employed two-point tensile tests. The stent was clamped at two points and then subjected to tension. Internally, the stent reacted with a complex mode of deformation involving bending, tension, and torsion of its struts. Externally, it acted as a 1-D, nonlinear spring connecting the two clamping points. The characteristic curve of that spring was measured experimentally for three different pairs of clamping points and compared to the simulated reaction to the same tension as computed with our beam model.
B. Stability of the Image Processing Pipeline
21 CT datasets where available for testing. The automatic preprocessing and landmark extraction algorithms were run on all 21 images in order to test whether they are able to locate all the landmarks in all the images.
C. Estimation of Reconstruction Accuracy
The accuracy of the automatic landmark localization was estimated by comparing the results with manually extracted landmark positions, which were defined by three human observers using a graphical interface. Due to the very timeconsuming nature of the manual landmark localization, the comparison was limited to five datasets in which all the three observers localized all 167 landmarks. The three different locations p ij , i ∈ {1, 2, . . . , 167}, j ∈ {1, 2, 3} given by the three observers for each landmark were used to define S i (p i , r i ), the smallest sphere which contains the triangle p ij . The center and radius of this sphere are identical to the center m ci and radius r ci of the circumscribed circle for the triangles, where all the interior angles are < 90
• . For the blunt-angled triangles, the sphere is defined by the center of the longest edge and half its length:
For each automatically identified landmark, an acceptance function A is defined depending on a parameter α which accepts a landmark if it is not further away from any of the three manual landmarks p ij than the radius of the sphere S i multiplied with the factor α:
With this, for a complete set of automatically localized landmarks p i , i ∈ {1, . . . , 167}, the acceptance rateĀ for one stent is defined as a function of α:
167 .
To better relate these accuracy measurements to the radial force, the effect of the localization error onto the effective radial strain was considered. We computed for each layer k of the stent the cross-sectional area A k as the area circumscribed by a closed polygon formed by the 15 intersection points on that layer in the undeformed configuration. For each of the five patients in this arm of the study, four different versions of the intersection point sets in the deformed configuration were available, three were defined manually (j ∈ {1, 2, 3}), and one automatically (j = 4). For each of these cases j and on each layer k we computed the deformed cross-sectional area A j k . The radial strain j k is defined for each layer k and the dataset j by relating the root of A j k to the root of A k :
D. Validation of Error Reduction Using Incremental Relaxation
The ability of the incremental method to reduce the landmark localization error was assessed using realistic, yet artificial, displacement fields as ground truth and perturbing them by random noise. Random displacement vectors were added to the intersection points in deformation casesṔ to create noisy landmark sets P 0 . The direction of these vectors was randomized according to a uniform distribution; the norm of the vectors follows a normal distribution with a mean of 0.74 mm and a standard deviation of 0.16 mm.
The position of each node was traced over the relaxation process. The node error e i,k , mean layer error j,k , and overall mean error E k were computed for each step k:
As an additional measure for the geometric accuracy, the projected circumference in each layer was computed for the ground truthṔ as well as for each P i . Therefore, the landmarks in each layer were projected to the equalizing plane and the circumferences of the polygons spanned by the projected points were computed. After each step k, the circumferential error γ j,k was computed for each layer as the difference between the projected circumferenceć j in the noise-free dataset and the projected circumference c j,k . As a global measure for accuracy, the mean Γ k of the absolute values of γ j,k was computed for each increment k as
Besides the geometric accuracy, we also analyzed the difference between the radial interaction forces in the ground truth and the output after each increment and computed force errors per node, per layer, and for the whole stent in each step k:
IV. RESULT AND DISCUSSION
A. Computational Cost
Depending on the image size and the amount of high-intensity voxels and voxel regions that needed classification, the image preprocessing step took between 120 and 240 s per dataset. The extraction of landmarks for the stent reconstruction took between 30 and 60 s. Both steps were conducted on a workstation with an Intel Xeon E5647 processor with six cores (12 threads) at 2.4 GHz equipped with 12 GB of RAM running Microsoft Windows 7. The implementation was not optimized with respect to the computation times or memory usage. The relaxation step took 90 s on an Intel Core i7-3770K CPU with four cores (8 threads) at 3.50 GHz equipped with 8 GB of RAM running Linux. The force readout and postprocessing took around 1.5 s on the same machine.
B. Mechanical Model Verification
Three tension experiments were conducted. In the first experiment, the two distal hooks were clamped for the tension test, creating tension along a radial direction. This yielded relatively small forces, as primarily bending of the thin stent wires occurred. The second experiment was an axial test, with the stent being clamped at the distal and proximal end of one string. This resulted primarily in the axial tension of struts, yielding relatively large reaction forces. Finally, a superimposition of both effects was achieved by clamping one distal hook and a proximal point underneath the opposing hook (see Fig. 6 ).
The blue line in Fig. 6 shows for the third configuration the tension force that was measured continuously in one clamp while slowly increasing the distance between the two clamps by 3.8 mm. The red line shows the simulation result for the same setup. For larger deflections the numerical model leads to a higher global stiffness of the stent, which is to be expected for an implementation with a linear-elastic material model. However, the estimations of the occurring physiological strains which are present in the implanted equilibrium state after TAVI are not expected to exceed the limit imposed by this choice of the constitutive model. 
C. Stability of the Image Processing Pipeline
The identification of the stent among all the high-intensity objects in the image was successful in all 21 cases. The bounding boxes derived from each of the 21 datasets were visually approved to be consistent with the area that contained the stent. Thresholding and calcium suppression in all cases delivered a result which passed qualitative visual assessment. At this point no accuracy measurement was performed, the assessment was only looking for extreme over-or under-segmentation errors. The landmark identification was able to extract all 167 landmarks (including the distal hooks) in 10 datasets. In eight additional datasets, one or both of the landmarks representing the distal hooks could not be localized but all 165 intersections points were found. In three datasets, landmark localization failed. Two of these cases showed motion artifacts in the form of doubleimages of the stent in the aortal region; one image was cut off to not contain the complete stent. These three datasets were not considered for the subsequent analyses, leaving 18 cases for testing the relaxation step and extraction of forces. Adding the one or two missing hook landmarks in those ten datasets where automatic landmark localization did not find them, would require user interaction of 1 or 2 minutes, including the loading of cases and landmark clouds, the manual localization of the missing landmarks, and the export of the fixed landmark cloud. Since the radial forces administered to the aorta through these hooks on the distal end of the stent are negligible for the overall equilibrium, they were omitted in the mechanical model described in Section II-D.
D. Validation of Reconstruction Accuracy
The mean landmark localization error over all five datasets was 0.37 mm ± 0.16 mm. Fig. 7(a) shows for each of the patients the accumulated histogram of the distance between the automatically localized landmarks and the nearest manually annotated landmark. To level out differences in the image resolution between the different datasets, the distances were measured in number of voxels. The voxel spacing lay between 0.4 and 0.6 mm. More than 90% of the landmarks were less than 1.6 voxels (0.68 mm) away from the nearest manual landmark. The maximum error was 3.24 voxels (1.3 mm) . Thus, the landmark localization error compensation included in the mechanical analysis has to compensate an error of that magnitude. Fig. 7(b) shows the acceptance function plotted for α ∈ [0, 7] . With an α-value of ≥ 2, more than 90% of landmarks were accepted. Fig. 8 shows the impact the landmark position uncertainty has on the radial strain.
Over all five datasets and eleven layers per dataset, differences in the radial strain between the models based on the point clouds found by the algorithms, and the point clouds defined by the human observers lay between −2% and 2%. The differences between the three study participants (interobserver variance) were in the same region. Fig. 9 (a) and (b) shows the development of the mean node error E k , after adding random noise to two different patient datasets ("input") and after 10 increments of the relaxation. The initial mean error of 0.76 mm is reduced to 0.2 mm after five steps in case one, and to 0.27 mm after four steps in case two. The same plots show the relaxation ρ k for increments 2 . . . 10. The convergence criterion was met for k = 5 steps in case 1 and k = 4 in case 2. The projected circumferential errors for the same test cases are plotted in Fig. 9(c) and (d) .
E. Validation of Error Reduction Using Incremental Relaxation
The additional radial strain, which is added by the virtual springs, lead to a reduction of the circumferences in the early phase of the incremental relaxation. In that phase, the degrees of freedom were predominantly used to reduce the axial and tangential noise. This lead to negative values of γ j,k for small values of k. Only in the last step before the convergence criterion is reached, the radial error was reduced significantly for each layer. After reaching the convergence criterion, the stent started an approximately linear radial expansion, which lead to an increasingly large circumferential error. Fig. 9 (e) and (g) shows on a logarithmic scale the development of the radial force errors ϕ j,k and Φ k over the 10 increments k of the relaxation algorithm. Below each plot, in Fig. 9 (f) and (h), the decline of the tangential and axial force components is plotted. The vertical red line indicates the step after which the convergence criterion was reached for the relaxation. In both cases, the initial radial force error was reduced by several orders of magnitude, the same is true for the axial and tangential force components. The minimum in the global radial force error Φ k and for most layer-wise radial force errors ϕ j,k was seen after two steps in the case shown on the left and after three steps in the case shown on the right, while the axial and tangential forces required four steps in the first and five steps in the second case. Thus, the radial error was slightly higher in the final result of the relaxation algorithm than it had been earlier in the incremental routine. Nevertheless, an error reduction of more than 90% is reached. 
F. Radial Forces
G. Analysis Result
The described procedure was applied to the CT image datasets of 21 patients, stent reconstruction, and derivation of the radial forces was possible in 18 cases (see Section IV-C).
The radial forces measured at the stent nodes ranged from 0.0 N (in areas without contact to the vascular wall) to 2.06 N in one node. The average radial force per node was in the range of [0.3, 0.4] N at the aortic annulus, ≤ 0.1 N in the medial area, and between 0.2 and 0.4 N at the distal end. Visual inspection showed a good correlation between the local maxima of the radial force and calcium clusters (see Fig. 10 ) as well as regions of large radial strain or ellipticity. For visualization, the point forces given in the intersection points are distributed along the splines interconnecting the intersection points using a linear interpolation scheme.
For comparison with the works of Tzamtzis et al., we computed from our nodal-force data a hoop force similar to the definition found in [16] . They reported hoop forces in the range of 
V. CONCLUSION AND OUTLOOK
We propose an image-based system for the estimation of the in vivo forces on the interface of an implanted Nitinol stent and the surrounding vascular and cardiac tissues. This procedure takes advantage of the superelastic behavior of the Nitinol stent. The system implements a two-staged approach, where the first stage extracts a discrete set of displacement vectors which parameterize the deformation of the stent from a CT image. The second stage includes a mechanical simulation, utilizing the finite-element method as a means to estimate the radial forces that are required to yield the observed deformation. Both stages were verified and validated using real patient data and artificial test data. The extraction of landmarks from the CT images was shown to be not worse than the gold standard, which was represented by the manual annotation of the test datasets by three human observers. The employed mechanism for the FEMbased relaxation of the landmark positions in order to derive a more natural stent shape was shown to significantly reduce the measurement uncertainty. This was shown using different error metrics based on the geometric measurements as well as on the analysis of the interaction forces.
With a mean node error below 0.2 mm and a final mean circumferential error below 1 mm, the geometric accuracy of the reconstruction algorithm can be judged as highly accurate, exceeding the resolution of the underlying image data by a factor of two. A large uncertainty remains in the final estimates of the radial force. This uncertainty is caused by the three effects. First, the structure of the stent results inherently in an amplification of the tangential and axial measurement errors, which results in very large tangential and axial force vectors in comparison to the acutally output radial forces. Second, no real contact simulation is employed to yield the true reaction forces normal to some contact surface. Instead, the radial direction is estimated based on a normal vector computed for each layer and a tangential vector computed for each landmark from the two neighboring landmarks in the same layer. Third, as a result of the first two, the projection of the reaction force in the spring element which is used to approximate the radial force is not accurately aligned with the real surface normal. Thus, the radial force is a linear combination of the radial, normal, and axial force components, whereby the aspect ratio between radial and axial/tangential components already results in large errors, even for small deviations from the true surface normal. To compensate for these effects, the actual contact surface needs to be explicitly modeled and simulated.
Our data shows that calcium is the one key factor in the distribution of the radial force on the stent. In future studies we will quantify the impact of the other influences such as the natural annulus shape onto the stent shape and force distribution, and will investigate the changes of both over-the-heart cycle as an effect of the varying blood pressure.
